Pigeons were trained in a within-subjects design to discriminate empty intervals (bound by two 1-sec visual markers) and filled intervals (a continuous visual signal). The intervals were signaled by different visual stimuli and they required responses to different sets of comparison stimuli. In Experiment d 1, empty intervals were judged longer than filled intervals. The difference between the point of subjective equality (PSE) for the empty intervals and the PSE for filled intervals increased as the magnitude of the anchor-duration pairs increased.
In humans, whether an interval is filled or empty affects the accuracy and variability with which it is timed (Abel, 1972a (Abel, , 1972b Rammsayer & Lima, 1991; Rammsayer & Skrandes, 1997) . Humans also tend to judge filled intervals as being longer than empty intervals of the same duration (Craig, 1973; Steiner, 1968) . Only recently has this topic been systematically investigated in animals. Miki and Santi (2005) trained pigeons in a within-subjects design to discriminate empty intervals (short or long durations bound by two 500-msec light markers) and filled intervals (short or long durations of a continuous visual signal). Empty intervals required a response to one set of colored comparisons, and filled intervals required a response to a different set of colored comparisons. Differences in the temporal processing of empty and filled intervals was assessed by presenting intermediate signal durations between the short and long anchor durations used in training. Three different sets of anchor durations were used in training: 1 sec versus 4 sec, 2 sec versus 8 sec, and 4 sec versus 16 sec. Unlike the results reported for humans, the resulting psychophysical functions indicated that pigeons judged empty intervals to b be longer than filled intervals. It appears that subjective time passes more quickly for pigeons during an empty interval relative to a filled interval. The point of subjective equality (PSE) or bisection point is the signal duration for which pigeons are equally likely to choose the comparison stimulus that had been associated with the short and long anchor durations in training. The difference between the PSE for empty intervals and the PSE for filled intervals increased as the magnitude of the anchorduration pairs increased. This result is important because it indicates that the empty-filled difference cannot be simply due to a difference in the latency to initiate timing on filled--interval trials. It also suggests that the emptyfilled difference was not the result of timing the markers on empty-interval trials. Marker duration remained constant across training and testing with different anchorduration pairs. If pigeons judged empty intervals to be d longer than filled intervals simply because they timed the markers, there should have been a constant PSE dif-f f ference between empty and filled intervals across the dif-f f ferent anchor-duration sets. Instead of an absolute shift in the PSE, Miki and Santi observed a proportional shift.
Subsequent research by Santi, Keough, Gagne, and Van Rooyen (2007) demonstrated that the empty-filled timing difference occurred even when the empty intervals were marked by a visual stimulus (e.g., vertical white bar) that differed from the visual stimulus signaling filled intervals (e.g., horizontal brown bar). Santi et d al. also conducted psychophysical tests with different marker durations on empty-interval trials, and they did not find an increase in the percentage of long responding as marker duration d was increased. This finding replicated a result reported previously by Grant and Talarico (2004) . Santi et al. went on to test an attention-sharing explanation of the emptyfilled timing difference. Previous experiments in humans Chaston & Kingstone, 2004; Zakay & Block, 1996 and in animals (Buhusi & Meck, 2006a , 2006b Buhusi, Pascalis, & Cerutti, 2006; Lejeune, Macar, & Zakay, 1999; Sutton & Roberts, 2002) sessions reduced the amount of keypecking elicited by a visual filled interval, the elimination of the empty-filled timing difference would be anticipated. Because auditory stimuli do not elicit keypecking in pigeons, the emptyfilled timing difference would not be expected when auditory stimuli were used as signals and markers.
EXPERIMENT 1
To determine if pecking is a factor contributing to the empty-filled timing difference previously obtained, pigeons were trained to discriminate between different anchor durations of empty and filled intervals. Key pecking was recorded and psychophysical tests were administered to assess whether there is a relationship between the amount of keypecking exhibited by individual pigeons and the magnitude of the empty-filled difference in timing. Initial training and psychophysical testing was conducted with anchor durations of 2 sec versus 8 sec, followed by training and testing with anchor durations of 4 sec versus 16 sec. Pigeons pecking at high rates during a filled interval might be expected to exhibit a greater tendency to underestimate time than pigeons pecking at low rates, or not at all, during the filled interval. In addition, the empty-filled difference in timing should be greater for psychophysical tests conducted with the 4-versus 16-sec anchor durations than for the 2-versus 8-sec anchor durations. This will replicate an important previous result (Miki & Santi, 2005) indicating that dif-f f ferent sets of anchor durations produce a multiplicative timing difference rather than an additive timing difference. Additive timing differences are typically attributed to timing latency effects, whereas multiplicative timing differences are attributed to clock-rate differences (see Penney, Gibbon, & Meck, 2000; Wearden, Edwards, Fakhri, & Percival, 1998) . Clock-rate differences could be due to either a difference in the rate of an internal pacemaker or an attentional difference in maintaining closure of a timing switch (i.e., the flickering switch hypothesis; see Lejeune, 1998) . Miki and Santi argued that their findings reflected a clock-rate difference (greater for empty intervals) rather than a latency to begin timing (faster for empty intervals).
Method
Subjects. Seven adult Silver King pigeons, maintained at approximately 85% of their free-feeding weight and housed individually with continuous access to water and grit, served as subjects. Postsession feedings of Purina Pigeon Chow (Elmira Feed & Supply, Elmira, Ontario) were provided to maintain the pigeons' target weights. The colony room was illuminated on a 12:12-h light:dark cycle, with fluorescent lights turned on at approximately 7:00 a.m. each day. Testing was conducted 5 days a week between 8:30 a.m. and 1:00 p.m. The birds had previously served in experiments on memory for the number of sequentially presented events, but had not served in any studies involving timing of empty and filled intervals.
Apparatus. Four Coulbourn modular operant test cages (Model E10-10), each housed within isolation cubicles (Model 10-20), were used. Each cubicle utilized baffled air intake exhaust systems and ventilation fans. Each test cage contained three horizontally aligned, translucent plastic keys positioned approximately at a pigeon's standing sightline. Behind each key was a projector that displayed a have shown that engaging in nontemporal information processing while timing results in temporal intervals being underestimated. This result has been interpreted in terms of attentional resources being diverted from timing. Santi et al. extended this attention-sharing concept to the empty-filled timing difference in pigeons. They suggested that pigeons may have devoted less attention to temporal processing during filled intervals because the illumination provided by filled intervals resulted in other visual stimuli in the chamber (opening to the food hopper, pieces of grain below the grid floor of the chamber, etc.) capturing attention. During empty intervals of darkness there would be relatively less effective competition from nontemporal visual features in the chamber, and more attention could be devoted to timing signal duration. To test this hypothesis, Santi et al. manipulated the ambient illumination conditions during psychophysical test sessions. They reasoned that when ambient illumination was continually present during test sessions, nontemporal visual features of the test environment would be available to divert attention from temporal processing on both filled-interval and empty-interval trials, and that, therefore, no timing difference between filled and empty intervals would be found. Their results confirmed that empty intervals were judged to be longer than filled intervals when testing occurred in a darkened test room, but not when the test room was illuminated. Santi et al. provided additional support for the attention-sharing explanation of the empty-filled timing difference by using auditory stimuli to signal the intervals. Presumably, with auditory stimuli, there would be no basis for a differential source of attention sharing between the filled and empty intervals. Consistent with this expectation, they found that when different tonal frequencies were used to mark empty intervals and signal filled intervals, there was no evidence of an overestimation of empty intervals relative to filled intervals.
Although the Santi et al. (2007) results were consistent with the idea that competition for attention by visual features plays a role in the timing difference pigeons exhibit between filled and empty intervals, additional factors might be in play. Zentall, Friedrich, and Clement (2006) have shown that pigeons underestimate the duration of filled intervals, if pecking is required during signal presentation. They suggested that attention to time-related cues has to be shared with meeting peck requirements, and consequently there is an underestimation of time relative to filled intervals for which there is no pecking requirement. Zentall and Singer (2008) confirmed and extended this result by showing that, relative to a condition in which pecking was allowed but not required, a required-pecking condition produces an underestimation of time, whereas a refrain-from-pecking condition produces an overestimation of time.
Neither Miki and Santi (2005) nor Santi et al. (2007) required pecking during filled intervals; nor did they collect this data. However, if the pigeons in their studies did peck during the visually-signaled filled intervals, the behavior of pecking itself may have been responsible for the underestimation of filled intervals relative to empty intervals. If the presence of background illumination during test but responses following intermediate signals were never reinforced. Twenty psychophysical test sessions were administered. All other aspects of these sessions were the same as described above.
After psychophysical testing, the birds were retrained with 4-sec and 16-sec anchor durations. The empty and filled intervals were the same as those previously described, except for the change in duration. All other training procedures were the same as those previously described. During training, 1 bird developed a health problem and had to be dropped from the study. The remaining 6 birds were given 20 sessions of psychophysical testing with intermediate durations of 5.2, 6.4, 8.0, 10.0, and 12.8 sec. All other test procedures were similar to those described above. During the training session with 4-sec and 16-sec anchor durations, prior to psychophysical testing, mean accuracy on empty-interval trials was 89.2 1.87%, and on filled-interval trials it was 92.7 2.31%.
In all the statistical analyses reported in this article, the rejection region was p .05.
Results and Discussion
Figure 1 presents the psychophysical functions obtained for empty and filled intervals following 2-sec and 8-sec training (top panel) and 4-sec versus 16-sec training (bottom panel). The psychophysical function for empty intervals was horizontally displaced to the left of the filledwhite circle, a white triangle, a white vertical line, a white horizontal line, red, and green onto a frosted rear projection screen (Coulbourn Model E21-18). Directly below the center key was a 5.7 5 cm opening that, during reinforcement, provided access to a hopper containing mixed grain. Within the opening was a lamp (Coulbourn Model E14-10 with bulb S11819X) that was illuminated only during reinforcement. Located 6.5 cm above the center key was a houselight that directed light upward to reflect light from the top of the cage (Coulbourn Model 14-10). The presentation of all experimental events and recording of response choices was accomplished through a Med Associates interface and a microcomputer running MEDState Notation programs.
Procedure. Each pigeon was trained to discriminate between short (2-sec) and long (8-sec) durations of filled and empty intervals. An empty interval consisted of a time sample (2 or 8 sec of darkness) signaled by two visual markers presented on the center key (1-sec duration each): One indicated the beginning of the interval; the other, the end. A filled interval consisted of presenting a continuous visual signal on the center key for either 2 or 8 sec. For 4 pigeons, the marker for empty intervals was a white triangle and the signal for filled intervals was a white circle. This was reversed for the remaining 3 pigeons. Comparison stimuli were presented on the side keys. For 4 of the birds, vertical and horizontal comparisons were presented after empty intervals (i.e., white triangle markers) and red and green comparisons were presented after filled intervals (i.e., white circle). For the other 3 birds, red and green comparisons were presented after empty intervals (i.e., white circle markers) and vertical and horizontal comparisons were presented after filled intervals (i.e., white triangle signals). For all birds, the comparison stimuli that were designated correct following the short-duration signals were red and vertical, but following the long-duration signals they were green and horizontal. The relationship between the type of interval (empty or filled), duration of the interval (short or long), and corresponding correct comparison stimulus (red, green, vertical, and horizontal) remained constant for each bird throughout all experiments reported in this article.
For all the birds, a single response to one of the comparison stimuli turned both comparison stimuli off and, if correct, provided access to mixed grain. Incorrect responses to the comparison stimuli resulted in a blackout, followed immediately by re-presentation of the same interval duration and comparison stimulus configuration. A correct response on a correction trial resulted in access to mixed grain, although only the choice response on the initial (noncorrection) trial was used to calculate response accuracy. Access to mixed grain on correct trials and blackout on incorrect trials was 4 sec in duration.
At the beginning of each trial, a randomly selected intertrial interval (4, 8, 16, or 32 sec) was presented. No illumination was presented in both testing chamber during the intertrial interval (ITI). At the end of the intertrial interval, the signal or marker was presented on the center key against a dark background and the interval between markers on empty-interval trials was spent in darkness. After the signal or the last marker terminated, the comparison stimuli were presented on the left-and right-side keys, counterbalanced across trials. Training sessions consisted of 80 empty-and 80 filled-interval trials. Within each block of 8 trials, all combinations of the four sample stimuli (two interval types two signal durations) and the two comparison stimulus configurations occurred once. The order of presentation was randomized individually for each bird. During the training session prior to psychophysical testing, mean accuracy on empty-interval trials was 88.8 2.08%, and on filled-interval trials it was 93.0 2.83%.
Each psychophysical test session consisted of 160 trials. The anchor durations were presented on 80 trials and intermediate dura- . These results replicate those previously reported by Miki and Santi (2005) . They are inconsistent with a switch-latency hypothesis, because the PSE difference score should have remained the same regardless of the anchor durations used in training. They are more consistent with a difference in clock rate for empty and filled intervals.
Keypecking during the filled intervals and during the interval between the presentations of the markers on empty-interval trials at each signal duration during testing is presented in Figure 2 . The data for the 2-and 8-sec testing are in the top panel, and the data for 4-and 16-sec testing are in the bottom panel. As expected, the rate of pecking was higher during filled intervals than during empty intervals. However, even on filled-interval trials, interval function following training with both sets of anchor durations. Empty intervals were perceived as longer than were filled intervals of the same duration. Separate ANOVAs were conducted on the data obtained from testing with each set of anchor durations. The within-subjects factors were the type of interval and signal duration. For the 2-versus 8-sec psychophysical function, a significant main effect for signal duration [F(6,36 . The PSE was estimated from the psychophysical functions for each pigeon by conducting linear regressions of the proportion of "long" responses for each of three adjacent signal durations. The regression equation with the greatest slope for each pigeon was used to estimate the PSE by calculating the signal duration associated with 50% of the "long" responses. This method has been used frequently for animal timing data (e.g., Church & Deluty, 1977; Maricq, Roberts, & Church, 1981; Meck, 1986) and human timing data (e.g., Droit-Volet & Wearden, 2002; Wearden & Ferrara, 1996; Wearden, Rogers, & Thomas, 1997) , and it produces results very similar to those obtained with other methods (Wearden & Ferrara, 1995) . For the 2-and 8-sec anchor durations, the mean PSE for empty intervals (3.48 0.095 sec) was significantly lower than was the mean PSE for filled intervals (3.96 0.122 sec) [t(6) 2.445]. The PSE for empty intervals was significantly below the geometric mean of 4 sec [t(6) 5.41], whereas the PSE for filled intervals did not differ from the geometric mean (t 1). For the 4-and 16-sec anchor durations, the mean PSE for empty intervals (7.03 0.398 sec) was also significantly lower than the mean PSE for filled intervals (8.69 0.275 sec) [t(5) 8.42]. Although the PSE for empty intervals was below the geometric mean of 8 sec, and the PSE for filled intervals was greater than the geometric mean, these differences did not differ according to a two-tailed test, but were significant according to a one-tailed directional test [t (5) 2.44 and t(5) 2.53, respectively]. These results indicate that tively]. These data are similar to those reported by Zentall and Singer (2008) for their pecking-allowed condition, in which there was a very low rate of pecking, and it was not significantly related to the value of the PSE. Only when the rate of pecking was examined across the peckingallowed and the other two pecking conditions was pecking rate a good predictor of the shift in the PSE.
The correlation between the empty-filled PSE difference and the pecking rate for filled intervals can be seen in Figure 4 . The data for the 2-and 8-sec testing are in the top panel, and the data for 4-and 16-sec testing, in the bottom panel. For the 2-versus 8-sec anchors, there does not appear to be a relationship between the extent to which the empty interval is overestimated (i.e., a negative empty-filled PSE difference) and the rate of pecking during the filled intervals. The correlation between pecking and the empty-filled PSE difference [r(7) .205] was not statistically significant. However, for the 4-versus 16-sec anchors, the extent to which an empty interval was overestimated was positively related to high rates of pecking during the filled intervals. The correlation between pecking and the empty-filled PSE difference [r(6) .767] was statistically significant. Nevertheless, it should be pigeons pecked at a relatively low rate. Zentall and Singer (2008) observed a peck rate of about 0.5 pecks/sec during filled intervals when pecks were allowed but not required. This is very similar to the results shown in Figure 2 , particularly for the 4-versus 16-sec anchor duration data. There were also substantial individual differences in the rate of pecking on filled-interval trials as reflected in the size of the standard error bars. Because of this variability, the only effect to approach statistical significance was the effect of type of interval for the 4-versus 16-sec data [F(1,5) F F 6.15, p .056]. The correlation between the PSE for filled intervals and the pecking rate for filled intervals can be seen in Figure 3 . The data for the 2-and 8-sec testing are in the top panel, and the data for 4-and 16-sec testing, in the bottom panel. In neither case was there a strong relationship between the rate of pecking and the bisection point. That is, when pigeons were allowed to peck or to refrain from pecking, pigeons that pecked at higher rates did not exhibit a greater underestimation of the duration of a filled interval. The correlation was not significantly different from zero for tests with either the 2-and 8-sec or the 4-and 16-sec anchor durations [r (7) .028 and r(6) .207, respec- nificantly lower than the mean PSE for filled intervals (8.25 0.27 sec) [t (5) 10.47]. As in Experiment 1, the PSE for empty intervals was significantly below the geometric mean of 8 sec [t (5) 4.40], whereas the PSE for filled intervals did not differ from the geometric mean (t 1). It is also important to note that the mean PSE dif-f f ference in Experiment 2 (M ( ( M 1.26 sec; SEM M 0.12) was not significantly different from the mean PSE difference obtained between empty and filled intervals for the 4-versus 16-sec anchor durations in Experiment 1 [t(5) 1.48]. Thus, allowing the pigeons to peck during filled intervals in Experiment 1 did not produce a significantly larger difference between empty and filled intervals than in Experiment 2, when pecking was not allowed.
GENERA R R L DISCUSSION
The present study replicates previous experiments (Miki & Santi, 2005; Santi et al., 2007 ) that demonstrated that pigeons perceive time differently if required to time a filled interval (signal continuously present) as opposed to an empty interval (an interval demarcated by a brief marker at the start and end of the to-be-timed interval). As in previous work, the present data show that this effect is a multiplicative effect across different sets of anchor durations rather than an additive effect. In both Experiment 1 and Miki and Santi (2005) , the mean PSE difference following training with the 4-and 16-sec anchors was significantly greater than was the mean PSE difference following training with the 2-and 8-sec anchors. Multiplicative timing differences such as these have typically been attributed to clock-rate differences (see Penney et al., 2000; Wearden et al., 1997) rather than switch latency effects. According to a clock-rate interpretation, as the to-be-timed interval increased in duration, the amount by which empty intervals were overestimated relative to filled intervals would also increase. As noted previously, a clock-rate difference for empty rather than filled intervals could be due to a difference in the rate of noted that even pigeons with very low peck rates (0.0 to 0.2 pecks/sec) during filled intervals exhibited an overestimation of empty intervals.
EXPERIMENT 2
Although the previous experiment strongly suggests that keypecking differences during empty and filled intervals cannot account for the overestimation of empty intervals relative to filled intervals, stronger evidence for this claim would be obtained if the empty-filled PSE dif-f f ference was obtained even when pigeons were required to refrain from pecking during filled intervals.
Method
Subjects and Apparatus. The same 6 pigeons that had completed all phases of testing in Experiment 1 were used in Experiment 2. The apparatus was the same as in Experiment 1.
Procedure. Following the completion of Experiment 1, the birds were maintained in the holding room for several months. They were then retrained with the 4-and 16-sec anchor durations until previous accuracy levels were reestablished (approximately 84.4% correct on empty-interval trials and 90% correct on filled-interval trials). The empty and filled intervals were the same as those previously described. Next, the refrain for pecking requirement was introduced for filled intervals. Pigeons were required to refrain from pecking for 4 sec during the 4-sec filled-interval trials and for 16 sec during the 16-sec filled-interval trials. No pecking requirement was in effect for empty-interval trials. Failure to withhold pecks during a filled interval resulted in immediate trial termination, a 5-sec dark interval, and restart of the trial until the no-peck requirement was met. All other training procedures, except for the no-peck requirement on filled-interval trials, were the same as those previously described. All pigeons received a minimum of 15 training sessions with the no-peck requirement on filled-interval trials. During the last training session with 4-and 16-sec anchor durations, prior to psychophysical testing, mean accuracy was 88.1 2.73% on empty-interval trials and 90.4 2.25% on filled-interval trials. The pigeons were given 20 sessions of psychophysical testing with intermediate durations of 5.2, 6.4, 8.0, 10.0, and 12.8 sec. The no-peck requirement remained in effect for all filled-interval trials. All other psychophysical test procedures were the same as those described above. During psychophysical testing, the mean total number of filled-interval trials terminated per session due to pecks was 16.6 (SEM, 6.1) Figure 5 presents the psychophysical functions obtained for empty and filled intervals. Even though pigeons were required to refrain from pecking during the filled intervals, the empty intervals continued to be overestimated relative to filled intervals. An ANOVA revealed significant main effects for type of interval [F(1,5) F F 65.75 ], signal duration [F(6,30) F F 326.78] , and a significant interval type signal duration interaction [F(6,30) F F 6.19] . A simple main effects analysis indicated that the probability of classifying a duration as long was significantly greater for empty than for filled intervals at the 4.0-, 6.4-, and 8.0-sec signal durations [Fs(1, 5) F F 6.98, 116.58, and 37.26] . There were no significant differences at the remaining signal duration values [F(1,5) F F 4.09]. The mean PSE for empty intervals (6.99 0.23 sec) was also sig- tory and visual), similar theoretical mechanisms might be expected to underlie timing differences based on other nontemporal signal characteristics, such as whether the interval is empty or filled. Although the mixed-memory model does not predict whether a timing difference will occur for empty and filled intervals, it does provide a possible explanation of this difference in terms of a faster clock rate for empty intervals, and it also provides an understanding of the experimental conditions necessary to observe the difference. According to the model, even if the clock ran faster for empty intervals than for filled intervals, when pigeons are trained to time only one type of interval, reference memory would only consist of values for that particular type of interval. As a result, when signals timed with a fast clock are compared to memory distributions for a signal timed with an equally fast clock, and signals timed with a slower clock are compared to memory distributions for a signal timed with an equally slow clock, no timing differences would be expected. In order to observe a timing difference, the model claims that the accumulator values for the empty and filled intervals must be stored within a single reference memory distribution representing the short values for the two intervals and within a single reference memory distribution representing long values for the two intervals. Consequently, an empty-filled timing difference could be detected if the empty and filled intervals were studied within-subjects, as in the present study and our previous studies (Miki & Santi, 2005; Santi et al., 2007) , but not if they were studied in a between-subjects design. Future research in our laboratory on the timing of empty and filled intervals will be undertaken to determine whether the timing dif-f f ference is eliminated when pigeons are trained to only time one type of interval (between-subjects design) in each session.
Results and Discussion
In humans, whether an interval is filled or empty affects the accuracy and variability with which it is timed (Abel, 1972a (Abel, , 1972b Rammsayer & Lima, 1991; Rammsayer & Skrandes, 1997) . Humans also tend to judge filled intervals as longer than empty intervals of the same duration (Craig, 1973; Steiner, 1968) . Only recently has this topic been systematically investigated in animals. Both rats (Santi, Miki, Hornyak, & Eidse, 2006) and pigeons (Miki & Santi, 2005; Santi et al., 2007) perceive time differently if required to time a filled interval rather than an empty interval. However, the direction of the timing difference is in opposite directions for pigeons and rats. Nevertheless, in both species the timing difference has been shown to be a multiplicative effect across different anchor duration pairs, rather than an additive effect. The present study replicates this effect in pigeons and shows that the timing difference is not due to difference in pecking behavior between filled and empty intervals. These results contribute to the growing research literature on parallels in human and animal timing (see Droit-Volet, 2008; MacInnis, 2007; Ortega, Lopez, & Church, 2009; Wearden, Goodson, & Foran, 2007; Wearden, Norton, Martin, & Montford-Bebb, 2007) . an internal pacemaker (faster for empty intervals) and/ or an attentional difference in maintaining closure of a timing switch (greater for empty intervals). The findings reported by Santi et al. (2007) were consistent with the attentional-difference explanation.
In the present experiments, the contribution of keypecking during filled intervals to the empty-filled timing dif-f f ference was evaluated. In agreement with the results, Zentall and Singer (2008) reported for their peckingallowed condition, Experiment 1 revealed a relatively low peck rate of about 0.5 pecks/sec during filled intervals and no correlation between peck rate and the value of the PSE for filled intervals. More importantly, the extent to which an empty interval was overestimated was positively related to high rates of pecking during the filled intervals for testing with 4-and 16-sec anchor durations but not 2-and 8-sec anchor durations. Although this result may suggest that keypecking during filled intervals contributes to the empty-filled timing difference, it was noted that even pigeons with very low peck rates (0.0 to 0.2 pecks/ sec) during filled intervals exhibited an overestimation of empty intervals during testing with 4-and 16-sec anchor durations.
In Experiment 2, pigeons were trained to refrain from pecking during filled intervals. Despite the absence of pecking during filled intervals, pigeons continued to overestimate the duration of empty intervals relative to filled intervals, and the magnitude of the empty-filled PSE dif-f f ference was not significantly different from previous testing in Experiment 1, during which pecking was allowed. It is possible that the empty-filled timing difference was not eliminated by the requirement that pigeons refrain from pecking during filled intervals, because they either continued to peck with insufficient force to operate the microswitch or they learned to peck at locations displaced from the pecking key itself during filled intervals. However, the same claim could be made with respect to the refrainfrom-pecking requirement in the studies by Zentall et al. (2006) and Zentall and Singer (2008) . In these studies, the same refrain-from-pecking requirement was effective in changing the bisection point. It seems unlikely that the same refrain-from-pecking requirement would produce displaced or ineffective pecks in our study but not in the studies by Zentall et al. and Zentall and Singer. Overall, our results strongly support the conclusion that pecking behavior during filled intervals is not responsible for the empty-filled timing difference in pigeons. Penney et al. (2000) have outlined a mixed-memory version of scalar timing theory that provides a useful framework for understanding the effects of stimulus properties on timing. According to this model, differences in timing due to stimulus properties result from ef-f f fects at two processing levels. The first process is a clock process, in which different signal properties differentially drive the pacemaker/accumulator component. The second process is a reference memory process that mixes the clock values for the different stimulus properties. Although Penney et al. were primarily concerned with how timing is affected by different stimulus modalities (audi-
